Introduction
, they demonstrated that a combination of electrical stimulation and ooplasmic mechanical manipulation during The advances made in the research into human gamete biology and in specialized techniques have caused an explosion in the round spermatid injection is a more efficient procedure than mechanical stimulation alone for activation of rabbit oocytes, use of micromanipulation for assisted fertilization in couples suffering from severe male infertility. Previously, procedures fertilization and subsequent embryo development. These results have shown the potential capacity of round spermatids to such as partial zona dissection (PZD) (Malter and Cohen, 1989) and subzonal insemination (SUZI) (Fishel et al., 1990, achieve fertilization and the birth of offspring, and suggested a new approach for the treatment of azoospermic cases with 1992) were used to achieve fertilization and pregnancy in such couples. Despite the successful applications of these techniques spermatogenic dysfunction (Edwards et al., 1994) . Tesarik et al. (1995) reported a successful pregnancy following the injection of round spermatids, isolated from the ejaculate of patients with non-obstructive azoospermia, into human oocytes. Moreover, Vanderzwalmen et al. (1995) demonstrated that late-stage spermatids are also able to achieve fertilization and embryo cleavage when injected into oocytes. A successful pregnancy using late-stage spermatids for intracytoplasmic injection was also reported by Fishel et al. (1995) . All these results have encouraged us to introduce into our ICSI programme the treatment of azoospermic patients using spermatids that have been surgically retrieved from the testis. In this paper we report on the treatment of azoospermic patients in which round and elongated spermatids were used for injection into human oocytes, and the resulting pregnancies.
Materials and methods

Patient selection
Between July 1995 and May 1996, 36 patients with non-obstructive azoospermia were entered into our spermatid intracytoplasmic injection programme. A previous extensive examination of the ejaculate revealed the complete absence of sperm cells. A histological biopsy showed the presence of only round spermatids in 19 patients and elongated spermatids in 17 patients. All patients had high concentrations of follicle stimulating hormone (FSH) with a mean value of Ͼ22 IU/l and small testicular volumes Ͻ15 ml. The histological diagnosis and sperm analysis of these patients is described in Table I .
Testicular biopsy preparation and isolation of spermatids
Testicular samples (n ϭ 5-10, each one 6-9 mm 3 ) were surgically removed from different areas of the testicle, collected in a large volume of Earle's balanced salt solution (EBSS) and rinsed twice. The testicular samples were minced into small pieces using of a pair of scissors. The suspension was then collected in a Jar tube and pulsated using a vortex. This is an easy method of causing cell Figure 1 . Injection procedure: (A) a round spermatid is aspirated disaggregation without damaging the germ cells. Aliquots of the into the injection needle; (B) the round spermatid is then expelled suspension were then incubated at room temperature for 5 min in into the cytoplasm of a metaphase II oocyte; (C) following drops of culture medium (Medicult) under oil in Petri dishes (6-8 deposition into the oocyte cytoplasm, the round spermatid is drops per dish). The drops were then examined under an inverted slightly deformed, due to its passage through the injection needle. microscope for the presence of spermatozoa or spermatids (Figure 1 ). Both round and elongated spermatids were found in all patients, but no spermatozoa were present. The round spermatids were easily slightly larger than normal spermatozoa, some modifications of the injection needle were necessary to adapt it for these cells. The distinguishable by their small size, the round nucleus and the presence of an acrosomic granule adjacent to the nucleus (Figure 1 ). The injection needle used was of 6-7 mm inner and 8-9 mm outer diameter. The polar body was at 6 or 12 o'clock and the point of spermatids were isolated using an injection pipette (7 and 9 mm outer and inner diameters respectively) and collected in culture medium injection at 3 o'clock. Oocyte activation was facilitated by a vigorous cytoplasmic aspiration during the injection (Figure 1 ). The formation (Medicult).
of zygotes was confirmed 12 h after injection by the presence of two ICSI procedure pronuclei. By 18 h, a single slightly larger syngamous pronucleus was observed and by 32-34 h the zygotes developed into 2-cell stage The injection of spermatids into the oocyte cytoplasm was performed using the method of Palermo et al. (1992) . Since spermatids are embryos ( Figure 2 ). The results of the two groups were not significantly different. b Embryo quality was detected on the basis of: regularity and symmetry of the blastomeres, fragmentation and cytoplasmic homogeneity. Grade I ϭ regular size blastomeres without fragmentation and clear cytoplasm; grade II ϭ regular size blastomeres with Ͻ10% fragmentation and clear cytoplasm; grade III ϭ irregular size blastomeres with Ͼ20% fragmentation and grainy cytoplasm; grade IV ϭ irregular size blastomeres with Ͼ50% cytoplasmic fragmentation and dark and grainy cytoplasm. c Defined by the presence of a fetal heart beat.
(77.4%) respectively. The mean number of embryos transferred was 2.9 in the first group and 3.2 in the second group. Pregnancies (as defined by the presence of a heart beat) were established in two (10.5%) women from the round spermatid group and three women (17.6%) from the elongated spermatid group. In the two groups, four pregnancies are ongoing while in the elongated spermatid group one pregnancy was lost (see Table II ). Chromosomal analysis showed that all fetuses had a normal karyotype with no genetic abnormalities.
Discussion
The introduction of intracytoplasmic injection of spermatids into oocytes has been successfully used to treat patients with non-obstructive azoospermia who were previously excluded , or directly from syngamous nucleus by 18 h; (C) embryo development to the 2-cell stage by 36 h after spermatid injection. testicular tissue (Fishel et al., 1995; Chen et al., 1996) , have been used successfully to treat azoospermic patients with Results primary testicular dysfunction. Even patients with Sertoli cellonly syndrome, when treated with testicular exploration by A total of 36 patients with non-obstructive azoospermia underwent testicular sperm extraction (TESE). A total of 135 oocytes TESE, are able to produce round, elongated spermatids, and even spermatozoa, to be used for ICSI (Devroey et al., 1995 ; at metaphase II were recovered from 19 patients and injected with round spermatids, while 123 mature oocytes recovered Silber et al., 1995b) . This may be due to the fact that many cases of Sertoli cell-only syndrome have occasional foci of from 17 patients were injected with elongated spermatids. The fertilization rates observed 12 h after injection were 75/135 normal seminiferous tubules in which spermatogenesis occurs normally, or foci at which maturation arrest has occurred (55.5%) in the round spermatid cycles and 71/123 (57.7%) in the elongated spermatid cycles. The percentages of cleaved (Silber et al., 1995b) . However, the use of spermatids for assisted fertilization techniques may invoke some important embryos 34 h after injection were 56/75 (74.6%) and 55/71 problems with regard to DNA maturity, genomic imprinting and reset during gametogenesis and in the preimplantation embryo (Brandeis et al., 1993) . All imprinted genes contain and Y chromosome abnormality that must be considered.
DNA sequences methylated in a parental-specific manner DNA maturity (Razin and Cedar 1994; Fishel et al., 1996) . Abnormality or any alteration of the imprinting process may be lethal to the It has been shown in rats and rams that, during spermiogenesis, the haploid nucleus of the spermatid shows a widely dispersed embryo or cause genetic aberrations in the offspring (Cattanach and Beechey, 1990; Hall, 1990; Cattanach et al., 1992) . chromatin with a few heterochromatin clumps and small spherical nucleus. The dispersed chromatin of the round For example, aberrant promotor methylation of tumour suppressor genes has now emerged as an epigenetic inactivation spermatid undergoes a process of DNA maturation during chromatin condensation. Two major modifications take place pathway contributing to tumour formation. Evidence increasingly supports the notion that ectopic methylation may play a in the basic nucleoprotein composition of the nucleus: the first involves the replacement of several testis-specific histones, broad role in gene inactivation and mutation in mammals (Oberle et al., 1991; Verdine, 1994) . Recent experimental present in spermatocytes and round spermatids, by spermatidspecific basic proteins. This replacement occurs gradually studies have provided evidence that monoallelic expression of several imprinted genes depends on DNA methylation. It has during nuclear elongation and chromatin condensation. In the second spermatid proteins are replaced by one or more basic been shown that mice with a deficiency of DNMTase die in the early post-implantation period. In the absence of DNMTase, sperm proteins (protamines), particularly rich in arginine and cysteine. The association of these protamines with the DNA the monoallelic expression of four imprinted genes (IGF2, IGF2/MPR300; H19, and XIST) is lost in post-implantation may contribute to the condensation and stabilization of the chromatin, but the exact role of the nucleoprotein in this embryos because of gametic methylation imprinting and failure of the expected role of methylation in silencing gene expression process remains unclear (Meistrich et al., 1978; Loir and Courtens, 1979; Loir and Lanneau, 1984) . These data were (Li et al., 1992) . Moreover, overexpression of H19 in transgenic mice leads to late gestational death, suggesting that the confirmed by Grimes (1986) who suggested that the process of histone-protamine transition has hardly begun in the elongated transcriptional dosage of this gene may have to be regulated carefully (Brunkow and Tilghman, 1991) . The maternal spermatids. Furthermore, as shown by Hecht (1986 Hecht ( , 1987 Hecht ( , 1988 , the protamines are synthesized toward the end of duplication in regions containing the Snrpn gene (paternal imprinted allele) causes post-natal lethality in mice (Cattanach spermiogenesis and the chromatin of the male germ cells undergoes a major shift in function during mid-spermiogenesis, et al., 1992; Leff et al., 1992) . In view of these findings, it could be suspected that the injection of spermatids into oocytes when condensation-related events in the spermatid nucleus terminate transcription. This pause in RNA synthesis is mainmay induce problems in the development of the embryo, and may be linked to the quality of parental DNA. Indeed, careful tained until after fertilization, when the protamines of the male pronucleus are replaced by histones (Hecht and Williams, genetic investigation is still needed. 1978). These findings could explain the slightly higher fertiliza-Y-chromosome deletion tion rate using elongated spermatids obtained by Fishel et al. (1995) in comparison with our results, but serious investigation It has been shown that non-obstructive azoospermia and idiopathic oligozoospermia are commonly caused by Sertoli is needed to determine at which stage the spermatids have optimal DNA and are suitable for injection. cell-only syndrome or by a maturation arrest of spermatogenesis. These conditions are usually genetically inherited on Genomic imprinting and DNA methylation the long arm of chromosome Y (Silber et al., 1995) . Recent studies have demonstrated that~13% of cases with nonThe importance of genomic imprinting (reviewed in Fishel et al. 1996) in mammalian development was first recognized obstructive azoospermia are caused by deletion of a particular region called azoospermia factor (AZF), a gene, or gene by Lyon and Glenister (1977) . They stated that differential expression of the maternal and paternal chromosomes depends complex, normally located on the long arm of Y chromosome (Yq11). The deletion of the AZF region also causes a severe on whether they are inherited from the mother or father. Developmental studies of isoparental mouse embryos have defect in sperm production, resulting in oligozoospermia iñ 3-4% infertile men. The nature and the severity of the provided the evidence for the differential role of maternal and paternal genomes (Surani, 1984 (Surani, , 1991 Solter, 1988) . Gene spermatogenic disorder in any given individual depends upon which genes in the AZF cluster are deleted. Such findings inactivation experiments have confirmed that imprinted genes regulate embryonic and placental growth and that DNA methylalone are insufficient to assert that the Y-chromosome deletion is the cause of azoospermia, since many Y-DNA sequence ation is a part of the imprinting mechanism (Barlow, 1995) . In mammals, DNA methylation is restricted to cytosine, usually variants are polymorphisms, readily passed from one generation to the next, with little or no functional consequence (Nakahori in a CpG dinucleotide. It becomes hemimethylated after DNA replication and acts as unique substrate for DNAet al., 1994) . The cause of azoospermia may be due to a new mutation in the Y-chromosome variants of infertile men, not methyltransferase (DNMTase) Cedar, 1991, 1994) . The action of DNA-methyltransferase is restricted to previously present in the affected individuals from whom they inherited the Y-chromosome variants (Chandley and Cooke, 1994; Reijo methylated sequences and propagates the chromosome-specific methylation pattern to daughter cells. Furthermore, in keeping et al., 1996) . The promising candidate for deletion of the AZF region is the DAZ gene (Deletion in Azoospermia). This gene with the imprinting, genomic maturation patterns are removed appears to encode an RNA binding motif, as reported by Reijo sperm cells as the definitive cure for azoospermia, and further genetic investigations are needed. et al. (1995) . More recent studies (Reijo et al., 1996) reported that the human DAZ gene is absent in oligozoospermic and azoospermic patients with the Yq deletion. If the absence of References DAZ is the cause of oligozoospermia, it cannot be excluded Baldou, F., Grillo, J.M., Rossi, D. et al. (1991) Epididymal sperm aspiration that a point mutation may also cause oligozoospermia. The in conjunction with in-vitro fertilization and embryo transfer in cases with finding of such a point mutation in oligozoospermia or in obstructive azoospermia. Hum. Reprod., 6, 1284 -1287 . Barlow, D.P. (1995 Gametic imprinting in mammals. Science, 270, 1610-1613. azoospermic men could prove that the DAZ gene is the AZF Brandeis, M., Kafri, T., Ariel, M. et al. (1993) The ontogeny of allele-specific (Reijo et al., 1995 (Reijo et al., , 1996 . The latest studies reported the methylation associated with imprinted genes in mouse. EMBO J., 12, identification of the DAZ gene as the Y-chromosome azoosper- 3669-3677. mia factor. This is expressed exclusively in the testis and has Brunkow, M.E. and Tilghman, S.M. (1991) infertility (Eberhart et al., 1996) .
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